The self-resonating cavitating waterjet (SRCW) • The macroscopic appearances and mass losses of eroded specimens were analysed.
INTRODUCTION
Cavitation is the formation of vapor bubbles in a liquid and happens when the local pressure is lower than the vapor pressure of the liquid [1] . It can be easily generated with high-speed waterjets. The collapse of cavitation bubbles near a solid boundary can cause very high amplitude and small duration impulsive loads and emits a large amplitude pressure wave, which subsequently leads to serious local damage [2] . Based on this feature, cavitating waterjet, which can be produced by creating a large number of bubbles in the periphery of the jet, has been proposed and is now being used in a wide spectrum of applications, such as cavitation peening, removal coating [3] , cleaning [4] , cutting [5] , deep-hole drilling [6] , and killing bacteria [7] .
To enhance the cavitation intensity of the cavitating waterjet for better utilization, a considerable number of investigations related to the mechanism of cavitation and methods for promoting it have been conducted. In more specific terms, Biluš et al. [8] performed an experimental analysis of the structure dynamics of cavitation cloud and corresponding pressure fluctuations. They concluded that there is a strong interaction between pressure and cavitation cloud with two dominant frequency bands. Soyama [9] experimentally studied the effect of various types of nozzle geometries on the aggressive intensity of cavitation erosion. Based on a control volume concept, Zhou et al. [10] developed a novel lumped parameter model of cavitating orifice flow by using the computational fluid dynamic method. Furthermore, several self-resonating cavitating nozzles, named "Pulser", "Pulser-Fed", "Laid-back Pulser", and "Organ-pipe", have been proposed and investigated by Johnson et al. [11] . Waterjets issuing from these nozzles have large-scale coherent structures and vortex rings in the shear layer, which can dramatically increase the cavitation intensity.
A schematic diagram of the generation and working principles of SRCW is shown in Fig. 1 with the use of an organ-pipe nozzle, which is one of the
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most promising nozzles in applications due to its simple structure and strong cavitation ability [12] .
Fig. 1. Schematic diagram of the operating principles of an SRCW issuing from an organ-pipe nozzle
As is shown in the figure, an organ-pipe nozzle consists of an upstream area contraction (D f /D c ), a downstream area contraction (D c /D e ), and a resonant chamber with a length of L c and a diameter of D c . When a high-speed flow is passing through the nozzle, pressure waves will be formed at the downstream area contraction because of the sudden changes of the flow velocity. These waves propagate upwards and then are reflected at the upstream contraction due to the change of impedance. At this time, the upstream and downstream contractions are excitation zones, which are the geometrical foundation for producing SRCWs. Then, the incident waves are superimposed on the reflected waves, and an acoustic resonance will finally be formed if the length of the chamber is designed to shape a standing wave [11] to [14] . The peak resonance can be achieved by matching the fundamental frequency of the organ-pipe nozzle with the critical jet structuring frequency. Moreover, the exact frequency of peak resonance depends on the end impedances; for instance, if both (D f /D c ) 2 and (D c /D e ) 2 are large, the first model natural frequency of the chamber will occur when the wavelength in the fluid is approximately four times the chamber length L c [13] .
When an SRCW is produced, the energy content of the jet can be dramatically amplified, because the shear layer of the jet can be organized into large ring vortices emitted from the nozzle at a discrete frequency and could cavitate to form toroidal bubbles [14] . The formation, growth, and collapse of these bubbles could cause very high-pressure fluctuations that can be further enhanced by the self-resonance to several orders of magnitude higher, resulting in the greatly improved cavitation erosion capability of the jet [15] . These features make SRCWs especially suitable for deep-hole drilling, where high ambient pressures can prevent the formation of cavitation bubbles in conventional cavitating jets because of the low incipient cavitation numbers [16] . Furthermore, it has already been proven that SRCW has stronger cavitation erosion ability at relatively greater ambient pressures. To be more specific, Johnson et al. [17] experimentally claimed that the incipient cavitation numbers for SRCWs were generally two to six times higher than conventional cavitating waterjets under the same ambient pressure. Results of field trials conducted by Li et al. [18] revealed that the drilling rate in deep oil wells of high ambient pressures could be considerably improved from 10.1% to 31.5% with the use of SRCWs.
Even though SRCW has many advantages over conventional cavitating jets under ambient pressure conditions, to the best of our knowledge, few investigations have been performed to understand the influence of nozzle inner surface roughness on the cavitation erosion capabilities of the jets. However, nozzle inner surface roughness is expected to affect the cavitation characteristics significantly. Based on a numerical investigation on the effects of wall roughness on cavitating flow, Echouchene et al. [19] concluded that wall roughness leads to higher shear stresses in the liquid and produces additional disturbance of the velocity and pressure. In addition, Chang et al. [20] experimentally found that the nozzle inlet surface roughness can affect the occurrence of cavitation much more than it affects hydraulic flip. Most importantly, in our most recent studies [21] and [22] , it has been shown that the nozzle inner surface roughness can have dramatic effects on the axial pressure oscillations as well as the cavitation erosion intensity and efficiency of SRCW.
As the strong cavitation ability under ambient pressures is one of the greatest advantages of SRCW, the purpose of this study is to further improve the aggressive intensity of cavitation erosion by investigating the effects of nozzle inner surface roughness.
RELATIONS BETWEEN SURFACE ROUGHNESS, TURBULENT FLOW, AND CAVITATION
Turbulent flow occurs when the ratio of inertial force to viscous force exceeds a critical value, and its intensity can be measured by the Reynolds number (Re). In a turbulent flow, the violent and unsteady motions of the fluid particles make the flow highly irregular, which produces large pressure fluctuations in the fluid. When the local pressure drops below the vapor pressure, cavitation occurs and then disordered, and unstable eddies are formed in the fluid. The formed vortices have a tendency of pairing into vortex rings of many different length scales, which greatly impacts the flow behaviours, including energy dissipation and pressure pulsations [23] . Fig. 2 illustrates the structure of a fully turbulent viscous flow passing through a circular pipe of the rough inner surface. As shown in the figure, the flow structure can be divided into viscous sublayer region and turbulent core region. Though the thickness of the viscous sublayer is rather small (about 10 % of the boundary layer thickness), the viscous shear force in the layer plays a significant role on the turbulence properties, such as the convective heat transfer, momentum and mass exchange, and energy diffusion [24] . If the viscous sublayer is affected, cavitation, which is closely related to the turbulent characteristics, will be influenced as a result. Because of the practical limitations on surface machining, the inner surface of the nozzle is not ideally smooth but has enormous amounts of microirregularities called roughness elements. If the magnitude of roughness element height is similar to the viscous sublayer thickness, violent interactions between the roughness elements and the viscous sublayer will happen and thus significantly influence the turbulent flow. Based on the relations between turbulence and cavitation mentioned above, it can be deduced that once the turbulent flow is affected, the cavitation process will be influenced as well. This assumption is in accordance with one of the studies on the influence of surface roughness on turbulent flow, carried out by Nikuradse [25] . He demonstrated that the velocity distribution of the turbulent flow was dramatically dependent on the relative roughness. By means of experimental investigation, Li et al. [26] found that when the roughness height is more than five times the viscous sublayer thickness, the flow friction, which can cause large pressure drops in the fluid, begins to increase sharply. In contrast, when a highspeed liquid is flowing over the roughness elements, fluid separation tends to occur, which will promote the generation of cavities and thus the cavitation erosion intensity.
A preliminary calculation (detail is shown in Section 3.2) has shown that the most commonly used surface roughness values (0.8×10 -6 m ~ 25×10 -6 m) are of the same order of magnitude with the thickness of viscous sublayer at high Reynolds numbers. So, combined with the previous related literature [19] to [22] , it could be expected that nozzle inner surface roughness should put some effects on the cavitation erosion ability of SRCW.
EXPERIMENTAL SETUP AND PROCEDURES

Experiment Apparatus and Procedures
A schematic diagram of the experimental setup for the cavitation erosion test under several ambient pressures is shown in Fig. 3 . Pressured tap water was supplied from a plunger pump whose working pressure can be continuously regulated through the control table from 0 MPa to 60 MPa with a maximum flow rate of 120 l/min. Two bladder accumulators were applied to minimize the influence of pressure fluctuations of the pump on the experimental results. Specifically, one accumulator was installed near the pump, and the other one was positioned close to the nozzle being tested, as shown in Fig. 3 . To remove the effects of pressure loss in the pipeline under different operating conditions, a pressure transducer (Model: BD DMP331P), which had been calibrated by the manufacturer, was installed immediately before the nozzle to make sure that the inlet pressure (P i ) of each test was consistent with the designed value of 25 MPa. The range and accuracy of the pressure transducer were 1 MPa to 40 MPa and ±0.05 %FS, respectively. And in each test, the shutter would not be removed until the value obtained by this transducer remained stable.
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The tests were conducted in a high-pressure chamber made of stainless steel. The maximum design pressure of the chamber was 10 MPa, and the achievable standoff distance was 300 mm with a regulation precision of 0.5 mm. The chamber pressure (which is also the ambient pressure P a ) was regulated and controlled by an electromagnetic relief valve, as shown in the figure. Standoff distance, S, was defined as the distance from nozzle exit to the impingement surface of the specimen. Preliminary tests had been performed to determine a proper range of the testing standoff distance, which was from 10 mm to 100 mm with an interval of 10 mm. During the process of each test, the chamber pressure was monitored by another pressure transducer of the same model. The erosion time for each test was 180 seconds, which was guaranteed by removing the shutter between the nozzle and the specimen in the chamber.
The mass of each specimen was measured before and after each erosion test, and mass loss, Δm, was defined as the difference between the two values. The specimen was measured on an electronic balance (Model: Sartorius BSA224S-CW) with a resolution of 0.1 mg and linearity of 0.2 mg.
Nozzles and Specimens
In this experiment, all the organ-pipe nozzles had the same geometry with D f = 13 mm, D c = 5 mm, D e = 2 mm, and L c = 18 mm, which were obtained based on the design principles of organ-pipe nozzle proposed by Chahine [14] . The inner surface roughness values of the six nozzles (shown in Fig. 4 ) were 0.8 μm, 1.6 μm, 3.2 μm, 6.3 μm, 12.5 μm, and 25 μm, respectively, which were achieved by changing the machining process on a high-precision digital controlled lathe [22] . These roughness values are the most commonly used in machining nozzles of similar size. Before the tests, the inner surface roughness of each nozzle was measured on a roughness measuring instrument (Model: Hommel-Etamic T800 RC) with a resolution of 1 nm to ensure the precise accuracy of the roughness values. The manufacturer was Metrology, and the measuring range was 0.1 μm to 120 mm.
Considering that pure aluminium is commonly used in cavitation erosion tests [22] , [28] , and [29] , the same material was used as a specimen here. The chemical composition and physical properties of the specimen are listed in Tables 1 and 2 , respectively. It should be noted that the surface of each specimen exposed to the impingement of the jets had been 
RESULTS AND DISCUSSION
Based on the previous related theoretical and experimental efforts [2] , [22] , and [28] , the effects of nozzle inner surface roughness on the cavitating erosion intensity of SRCW were evaluated from the aspects of both the macroscopic appearances and the mass losses of the eroded specimens.
Macroscopic Appearances of the Eroded Specimens
Fig . 5 shows the macroscopic appearances of the eroded specimens at an ambient pressure of 4 MPa and a standoff distance of 40 mm. These photographs are chosen and displayed because the appearances reveal the most obvious differences at these operating conditions. From the size of the pit and the distribution density of the dots as well as the size of the eroded area, one can have a visualized and preliminary understanding of the effects of nozzle inner surface roughness on the cavitation erosion performance of SRCW.
As can be observed in the figure, all the eroded specimens have the typical appearance of cavitation erosion with a pit at the centre and a ring shape as the main erosion region composed of numerous small dots [28] to [30] . The pit is caused by the high-speed waterjet impingement of droplets, and the ring shape is created by a cavitation cloud. More specifically, when a cavitation bubble collapses to a boundary, microjets are formed during the process and subsequently a shock wave is generated at the moment of rebounding, resulting in the damage of materials most possibly through fatigue erosion [2] . It is clear that nozzle inner surface roughness significantly affects the cavitation ability. In more specific terms, the sizes of the pit in the centre are nearly the same with a diameter of about 4 mm for surface roughness values of 0.8 μm, 1.6 μm, and 3.2 μm. Moreover, the distribution of small dots composing the ring shape is somewhat scattered, and the general size is relatively small, meaning the cavitation abilities of these three nozzles are similar. Since the surfaces of these three nozzles are rather smooth, it should be reasonable to conjecture that this is because the mean height of the roughness elements is rather small compared with the viscous sublayer thickness under this condition. This is hydraulically smooth turbulent flow [25] . Therefore, the roughness elements can hardly protrude and interact with the viscous sublayer, and the turbulent behaviours of the high-speed flow cannot be affected nor can the cavitation ability.
From Fig. 5 , it can be observed that the macroscopic appearance of the specimen eroded by the jets from the nozzle of the inner surface roughness of 6.3 μm is the most apparent, with respect to both the pit at the centre and the dots composing the ring shape. The pit has a diameter of about 8 mm, which is twice that of the pits on the specimens eroded by the jets from the nozzles of surface roughness values below 3.2 μm. In addition, the general sizes of the dots are larger, and the distributions are more concentrated. This indicates that both the high-speed waterjet impingement and the cavitation intensity are dramatically enhanced. Moreover, the improved cavitation intensity is most probably caused by the increased inner surface roughness, as it is the only variable between each erosion test. It can be deduced that the improved impingement ability of the highspeed waterjet is most likely to be induced by the enhanced cavitation intensity. To be more specific, the promoted cavitation produces more bubbles around the jet periphery, leading to a great reduction of the friction and interaction between the high-speed jet and the surrounding fluid [29] . As a result, the high-speed water jet contains more energy, which subsequently leads to a bigger size of the pit at the centre. With the surface roughness value increased to 12.5 μm, the sizes of the pit and the small dot become smaller again, meaning a reduction of both the impingement of high-speed waterjet and the cavitation intensity. This phenomenon is more evident when the nozzle inner surface roughness is increased to 25 μm. Under this condition, the pit is no longer a circle, indicating the jet beam is dispersed. The phenomenon suggests that surface roughness elements already violently interact with the high-speed flow through the viscous sublayer and put a disadvantageous effect on the cavitation erosion performance of SRCW. In contrast, it can be concluded that, under the current condition, surface roughness value of 6.3 μm is a critical value for the nozzle to achieve the strongest cavitation intensity. Below this value, surface roughness has little effect on the cavitation erosion behaviours, while above the value surface roughness will reduce the cavitation intensity. Fig. 6 shows the mass loss of eroded specimen as a function of standoff distance with respect to various ambient pressures and values of nozzle inner surface roughness.
Cavitation Erosion Intensity
Each curve experiences a peak at a distance where the maximum mass loss occurs. This distance is called the optimum standoff distance. This observation suggests that the existence of an optimum standoff distance is a common feature of SRCW, regardless of the nozzle inner surface roughness. The main reason the optimum standoff distance for each nozzle experiences the same tendency. More specifically, the optimum standoff distance first increases and then decreases with the increase of ambient pressure. This is in rough agreement with the experimental results obtained by Li et al. [18] and [31] who concluded that the optimum standoff distance should keep increasing with the increase of ambient pressure. The statement was that the increasing ambient pressure suppresses the bubbles. As a consequence, additional time was needed for the bubbles to grow, leading to an increase of the optimum standoff distance. Actually, this can also be used to explain the increased optimum for the occurrence of optimum standoff distance is that bubbles generated in the boundary or shear layer need a certain time to grow into sizes at which the collapse of cavitation clouds could produce destructive power for the specimens [2] . Therefore, analysing the optimum standoff distance is an important way to evaluate the effects of nozzle inner surface roughness on cavitation erosion. Moreover, the figure makes it possible to determine a proper range of standoff distances where strong cavitating capabilities can be achieved under different operating conditions.
It is of great interest to note that even the nozzles have different values of surface roughness; standoff distance at ambient pressures below 6 MPa. Since a certain degree of ambient pressure has the ability to keep the bubbles from bursting, more cavitation bubbles will exist in the shear layer under this condition. Another reason for the increasing optimum standoff distance should be the largely reduced friction between the jet and the surrounding fluid, caused by the enormous cavitation bubbles generated in the free shear layer. However, when the ambient pressure exceeds 6 MPa, the convective heat transfer and momentum and mass exchange between the jet and the ambient liquid become so violent that the energy of the jet dissipates rapidly with increasing standoff distance [32] , leading to the decrease of the optimum standoff distance. In contrast, at high ambient pressures, pressure fluctuations around the jet are largely attenuated, causing a decrease in the number of cavitation bubbles. As a result, cavitating erosion intensity is dramatically weakened, which is reflected as a reduction of the optimum standoff distance [11] .
It is a fact that an optimum standoff distance under all ambient pressures exists regardless of nozzle surface roughness. However, the values of the optimum standoff distance are different. For example, at ambient pressure of 2 MPa, the optimum standoff distance for the nozzle with a roughness value of 6.3 μm is around 45 mm, while for roughness values of 12.5 μm and 25 μm, it is about 35 mm. Furthermore, at ambient pressure of 2 MPa and 4 MPa, the optimum standoff distance of a nozzle with roughness value of 12.5 μm is always the largest. Furthermore, at ambient pressure of 6 MPa, 8 MPa, and 10 MPa, the optimum standoff distance of a nozzle with a roughness value of 25 μm is the largest.
In contrast, if the maximum mass loss is considered, it can be found that a roughness value of 6.3 μm is the best one at ambient pressures of 2 MPa and 4 MPa, while roughness value of 12.5 μm takes its place to be the best one at pump pressures of 6 MPa, 8 MPa, and 10 MPa. Specifically, proper surface roughness can promote the generation of cavitation bubbles, which is in satisfying agreement with the results obtained by Numachi et al. [33] , who experimentally demonstrated that surface roughness could advance cavitation inception. Similar evidence can also be obtained from the research performed by Chang et al. [20] .
Despite the influence of surface roughness on the value of optimum standoff distance, it is observed that nozzle inner surface roughness also significantly affects the magnitudes of the mass losses of the specimens.
As the figure illustrates that curves of roughness values of 0.8 μm and 1.6 μm are overlapped all the time, which means surface roughness below 1.6 μm have little effect on the cavitation erosion intensity. This is consistent with the assumption that the chamber plays a dominating role when the surface is relatively smooth. It is interesting to note that the maximum mass loss caused by the roughness value of 3.2 μm is a little larger than that caused by roughness values of 0.8 μm and 1.6 μm at lower ambient pressures (Fig.  6a and b) . However, the difference between these curves diminishes gradually with increasing ambient pressure. After the ambient pressure has exceeded 6 MPa, the difference disappears ( Fig. 6c and d) . In addition, a surface roughness value of 25 μm should be avoided in the fabrication of organ-pipe nozzles because it leads to the weakest erosion intensity.
In order to provide a further discussion on the effects of nozzle inner surface roughness, the viscous sublayer thickness under each ambient pressure has been calculated and is shown in Table 3 . It should be emphasized that only viscous sublayer thicknesses at nozzle chamber and exit were calculated because the velocity at nozzle inlet (U i ) is nearly 2.37% the velocity at nozzle exit (U e ). The calculation process is shown below.
The Bernoulli equation is [24] : 
where ρ is the liquid density, g is the acceleration of gravity, h f is the frictional head loss, h j is the local head loss.
where λ is the friction coefficient, l is the length of the flow channel (here it is the nozzle length), d is channel diameter, u is flow velocity, and k is the local resistance coefficient. Under the sudden contraction condition, k can be expressed as:
where A 1 and A 2 are the cross-section areas at the contraction. In Eq. (2), λ, l, and u are rather small. So, it can be neglected during the calculation. When compared with U e , U i can also be neglected. For the viscous sublayer thickness, δ l , it can be obtained by [24] :
And Re is expressed by:
where ν is the fluid kinematic viscosity coefficient. In terms of λ, it depends on Re and can be calculated as follows [24] : For 10 4 < Re< 26 98 8 7
where Δ is the absolute surface roughness, here, it is the surface roughness value.
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From Eqs. (5) to (9) , δ l at each roughness value and each ambient pressure can be achieved, shown in Table 3 .
Moreover, the important parameter defining cavitation intensity is cavitation number, σ, which can be expressed as:
where P v is the vapor pressure of the liquid. From Table 3 , it can be observed that the viscous sublayer thickness not only depends on the ambient pressure but also largely depends on the roughness value. And the sublayer thicknesses at chamber and exit are much different, particularly when the surface is relatively smooth, say 0.8 μm and 1.6 μm. The data also looks irregular. However, from the optimal surface roughness in Fig. 6 , it seems that the viscous sublayer thicknesses at chamber and exit determine the erosion intensity respectively, depending on the surface roughness value. For example, at roughness values of 0.8 μm and 1.6 μm, the viscous sublayer thickness is around 10 μm, which is much thicker than the roughness element. As a result, the roughness elements are totally covered by the viscous sublayer and can hardly influence the turbulence core. Thus, the cavitation erosion intensities are similar.
When the viscous sublayer thickness at nozzle exit changes abruptly, the corresponding surface roughness results in the strongest cavitation erosion intensity. However, this is not applicable to the case of roughness value of 6.3 μm and ambient pressure of 6 MPa. Under this case, a roughness value of 6.3 μm is the one that causes the abrupt change, but roughness value of 12.5 μm is the optimum. Even with this inconsistency, the curves of roughness values of 6.3 μm and 12.5 μm nearly experience the same tendency. However, due to the rather limited literature on the effects of nozzle inner surface roughness, it is currently very difficult to provide an explanation for this phenomenon. Further theoretical and mathematical investigations need to be performed. It is also observed in the figure that at an ambient pressure of 4 MPa, each surface roughness can cause a greater mass loss around the optimum standoff distance compared to those under the other ambient pressures, meaning a certain degree of ambient pressure can enhance the cavitation erosion intensity of SRCW. The fact that the jet has the strongest cavitation erosion intensity at an ambient pressure around 5 MPa is in good agreement with the results obtained by Johnson et al. [11] , demonstrating the reliability of our research.
CONCLUSIONS
For the purpose of enhancing the cavitation intensity of SRCW under ambient pressures, the effects of nozzle inner surface roughness values were studied by means of erosion testing. Unfortunately, there is currently little literature on the effects of nozzle inner surface roughness. Further investigations need to be conducted to understand the interactions of surface roughness and cavitation. However, the present study brings light to some evidence: 1. Under the experimental conditions, nozzle inner surface roughness has dramatic effects on the cavitation erosion performance of SRCW, which seems to largely depend on the viscous sublayer thickness. Corresponding to each ambient pressure, an optimum roughness value for achieving the strongest cavitation intensity exists. 2. The optimal surface roughness almost occurs at the place where the viscous sublayer thickness at the nozzle exit changes abruptly. 3. The existence of an optimum standoff distance is a common feature of SRCW, and the surface roughness affects its exact value of the optimum standoff distance. 4. A certain ambient pressure enhances cavitation erosion intensity, which is another feature of SRCW regardless of nozzle inner surface roughness.
